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The lysosome is a degradative organelle, and its
fusion with other organelles is strictly regulated. In
contrast to fusion with the late endosome, the mech-
anisms underlying autophagosome-lysosome fusion
remain unknown. Here, we identify syntaxin 17
(Stx17) as the autophagosomal SNARE required for
fusion with the endosome/lysosome. Stx17 localizes
to the outer membrane of completed autophago-
somes but not to the isolation membrane (unclosed
intermediate structures); for this reason, the lyso-
some does not fuse with the isolation membrane.
Stx17 interacts with SNAP-29 and the endosomal/
lysosomal SNARE VAMP8. Depletion of Stx17
causes accumulation of autophagosomes without
degradation. Stx17 has a unique C-terminal hairpin
structure mediated by two tandem transmembrane
domains containing glycine zipper-like motifs, which
is essential for its association with the autophagoso-
mal membrane. These findings reveal a mechanism
by which the SNARE protein is available to the
completed autophagosome.
INTRODUCTION
The lysosome is an organelle that is specialized for degradation.
When the lysosome fuses with other cellular compartments,
lysosomal hydrolases degrade materials inside the target com-
partments. Because this is a destructive process, lysosomal
fusion must be strictly regulated. The autophagosome and late
endosome are the two major organelles that can fuse with the
lysosome.
The autophagosome is a unique organelle that mediates
macroautophagy (simply referred to as autophagy hereafter).
At the initial step, an isolation membrane (also known as a phag-
ophore) is generated directly from or in close proximity to the
endoplasmic reticulum (ER) and surrounds a small portion of
the cytoplasm to become a double-membrane organelle, the1256 Cell 151, 1256–1269, December 7, 2012 ª2012 Elsevier Inc.autophagosome (Mizushima et al., 2011; Tooze and Yoshimori,
2010). Formation of the autophagosome is regulated by the
hierarchical function of a number of autophagy-related (Atg)
proteins. All these Atg proteins except LC3 detach from
completed autophagosomes (Fujita et al., 2008; Itakura and
Mizushima, 2010). Next, at least some of the autophagosomes
fuse with endosomes, which generates a hybrid organelle, the
amphisome (Berg et al., 1998). At the final step, the amphisome
or autophagosome directly fuses with the lysosome to form
the autolysosome, and autophagosomal contents are degraded
together with the inner autophagosomal membrane. Autophagy
has a critical role in many physiological processes, such as
cellular quality control, stress responses, and development
(Deretic and Levine, 2009; Levine and Kroemer, 2008; Levine
et al., 2011; Mizushima and Komatsu, 2011; White et al., 2010).
How the autophagosome fuses with the lysosome has not
been fully characterized. Specific membrane fusion is generally
achieved by soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) complexes (Hong, 2005; Jahn
and Scheller, 2006). Upon membrane fusion, the SNARE
complex forms parallel four-helix bundles consisting of the
Qa-, Qb-, Qc-, and R-SNAREs. Fusion between the late endo-
some and lysosome uses syntaxin 7 (Stx7) (Qa), Vti1b (Qb),
and Stx8 (Qc) on the late endosome and VAMP7 (R) on the lyso-
some (Pryor et al., 2004). Regarding the autophagy pathway, it
has been suggested that Vam3 (Qa) (Darsow et al., 1997; Ohashi
and Munro, 2010), Vam7 (Qc) (Ohashi and Munro, 2010; Sato
et al., 1998), Ykt6 (R) (Dilcher et al., 2001; Klionsky, 2005), and
Vti1 (Qb) (Fischer von Mollard and Stevens, 1999; Ishihara
et al., 2001) are involved in autophagosome-vacuole fusion in
yeast, and VAMP7 (R) (Fader et al., 2009), VAMP8 (R), and
Vti1b (Qb) (Furuta et al., 2010) in mammals. However, these
studies have not identified specific SNARE protein(s) on the au-
tophagosomal membrane. SNAREs such as mammalian Stx5
(Renna et al., 2011) and VAMP7 (Moreau et al., 2011), and yeast
Sec22, Ykt6, Tlg2, Sec9, and Sso1 (Nair et al., 2011) are also
involved in autophagy steps other than the autophagosome-
vacuole fusion step. Thus, autophagosomal SNARE remains to
be identified.
Almost all SNAREs are tail-anchored proteins, which have a
single transmembrane domain (TMD) at the extreme C terminus
(Borgese and Fasana, 2011; Hegde and Keenan, 2011). The
N-terminal fragments of tail-anchored proteins are exposed to
the cytosol. Whereas conventional transmembrane proteins
are cotranslationally inserted into the ER membranes,
membrane insertion of tail-anchored proteins is posttransla-
tional, because their TMD is still inside the ribosomes when
protein translation is completed and cannot be recognized by
the signal recognition particle (Borgese and Fasana, 2011;
Hegde and Keenan, 2011). In mammals, target membranes of
tail-anchored proteins thus far identified are those of the ER,
mitochondria, and peroxisomes (Borgese et al., 2007; Rabu
et al., 2009). Selective targeting is achieved by the length of
the TMD and charged residues in the C-terminal flanking
regions. Although tail-anchored proteins also exist in many
cellular compartments including the plasma membrane, endo-
some, and nuclear envelope, they are first inserted into the ER
membrane and then transported to their final destinations (Borg-
ese and Fasana, 2011). Therefore, how the autophagosome
acquires SNARE(s) is unknown.
One possibility is that the SNARE proteins, which are required
for lysosome fusion, are provided upon fusion with the endo-
some (Noda et al., 2009). However, it remains unclear whether
all autophagosomes fuse with the endosomes prior to lysosomal
fusion. In addition, this cannot explain why autophagosomes
can fuse with endosomes. Another question that we should
answer is why the lysosome can fuse with the autophagosome
only after sequestration of the cytoplasm has been completed.
If the lysosome fuses with the elongating isolation membrane
(unclosed autophagosome), it cannot accomplish cytoplasmic
degradation.
In the present study, we identified the autophagosomal
SNARE, Stx17. Depletion of Stx17 causes accumulation of
autophagosomes without any feature of degradation. Upon
autophagy induction, Stx17 is recruited to the outer membrane
of completed autophagosomes but not to the isolation mem-
brane. Furthermore, we show that Stx17 has a unique hairpin
structure formed by two TMDs containing glycine zipper-like
motifs, and this structure is essential for its selective targeting
to the outer autophagosomal membrane.
RESULTS
Stx17 Translocates to the Autophagosome
during Starvation
To identify SNARE proteins that are involved in the fusion
between the autophagosome and endosome/lysosome, we
focused on the ER SNAREs Stx17 and Stx18 (Hong, 2005),
because autophagosomes are considered to be generated
from (or on) the ER (Mizushima et al., 2011; Tooze and Yoshimori,
2010) and we initially speculated that the autophagosomal
SNAREmay be supplied from the ER. Under growing conditions,
green fluorescent protein (GFP)-Stx17 showed reticular and
tubular structures, and did not colocalize with the autophagoso-
mal marker LC3 (Figures 1A and 1B). The reticular and tubular
structures represented the ER and mitochondria (Figure 1C).
Under starvation conditions, many LC3 punctate or ring-like
structures were formed, which represented autophagosomes
or related membranes (Kabeya et al., 2000; Klionsky et al.,2008a; Mizushima et al., 2010). Most, but not all, of these LC3
structures colocalized with Stx17, which also formed punctate
and ring structures under starvation conditions (Figures 1A
and 1B). By contrast, GFP-Stx18 only localized to reticular struc-
tures and did not colocalize with LC3 even under starvation
conditions (Figure 1A). These data suggest that Stx17, but not
Stx18, is recruited to autophagic membranes.
SNARE proteins reside not only in the original membrane on
which they mediate fusion, but also in other membranes after
fusion or during recycling (Jahn and Scheller, 2006). To rule out
the possibility that Stx17 localizes to the autophagosome as
a secondary result of prior membrane fusion, we generated
two truncated mutants: GFP-Stx17DTM-b5, in which the two
TMDs of Stx17 were replaced by the TMD of ER cytochrome
b5, and GFP-Stx17TM, in which the entire N-terminal region
upstream of the TMDs (including the SNARE domain) was
deleted. GFP-Stx17DTM-b5 only localized to reticular structures
and did not form puncta in starved cells. By contrast, GFP-
Stx17TM formed punctate structures, which were colocalized
with LC3 (Figure 1D). Thus, autophagosomal localization of
Stx17 is not a result of its SNARE-mediated membrane fusion,
and the C-terminal region including the TMDs is sufficient for
autophagosomal localization of Stx17.
Stx17 Is Required for Fusion between the
Autophagosome and Endosome/Lysosome
The localization of Stx17 on the autophagosome prompted us to
analyzewhether Stx17 is required for autophagosome-lysosome
fusion. When autophagosome-lysosome fusion and/or lyso-
somal degradation were blocked by treatment with the vacuolar
ATPase inhibitor bafilomycin A1 in control small interfering RNA
(siRNA)-treated cells, the level of LC3-II (a membrane form)
was increased (Figure 2A) (Klionsky et al., 2008b). This suggests
the accumulation of autophagosomes. Knockdown of Stx17
causes accumulation of LC3-II even under growing conditions
to a level comparable to that in bafilomycin A1-treated control (si-
Luc) cells under starvation conditions (Figure 2A). This level was
not further increased by bafilomycin A1 treatment, suggesting
that autophagic flux is blocked in Stx17 siRNA-treated cells.
Expression of siRNA-resistant Stx17, but not Stx17 without the
SNARE domain, suppressed the accumulation of LC3-II caused
by Stx17 knockdown, confirming that autophagy inhibition is
not an off-target effect (Figure 2A). These biochemical data
suggest that Stx17 functions at a late step of autophagy.
In contrast to control siRNA-treated cells, many GFP-LC3
puncta accumulated in Stx17 knockdown cells even under
growing conditions (Figure 2B). Punctate structures of upstream
autophagic factors such as ULK1 and DFCP1 did not accumu-
late in Stx17 knockdown cells, suggesting that autophago-
somes, but not isolation membranes/omegasomes, accumu-
lated (Figure S1A available online). These GFP-LC3 puncta did
not colocalize with late endosomal and lysosomal markers (Fig-
ure 2C). This suggests that fusion between the autophagosome
and endosome/lysosome is blocked, rather than degradation of
GFP-LC3 in the amphisome or lysosome is impaired. Consistent
with this suggestion, electron microscopy showed accumulation
of autophagosomes in Stx17 knockdown cells (Figure 2D). Of
note, these accumulated autophagosomes contained intactCell 151, 1256–1269, December 7, 2012 ª2012 Elsevier Inc. 1257
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Figure 1. Stx17 Translocates to the Auto-
phagosome under Starvation Conditions
(A) MEFs stably expressing GFP-Stx17 or GFP-
Stx18 were cultured in regular medium or starva-
tion medium for 2 hr. Cells were stained with
anti-LC3 antibodies and analyzed by immuno-
fluorescence microscopy.
(B) Quantification of the number of punctate
structures positive for both Stx17 and LC3 per cell
at the indicated times after starvation. Data
represent mean ± SEM of ten images.
(C) MEFs stably expressing GFP-Stx17 with or
without RFP-cytochrome b5 (an ER marker) were
cultured in the presence or absence of 50 nM
Mitotracker Red CMXRos and analyzed by
immunofluorescence microscopy. Signal color is
indicated by color of typeface.
(D) MEFs stably expressing GFP-Stx17 WT, GFP-
Stx17DTM-b5, or GFP-Stx17TM were cultured
in starvation medium for 2 hr and analyzed by
immunofluorescence microscopy using anti-LC3
antibody.
Bars: 10 mm (white) and 1 mm (yellow).
See also Table S1.
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Figure 2. Stx17 Is Required for Fusion between the Autophagosome and Late Endosome/Lysosome
(A) HeLa cells stably expressing siRNA-resistant Myc-Stx17 or Myc-Stx17DSNARE (deleted amino acids 162–224) were treated with siRNA oligonucleotides
against luciferase or Stx17. Cells were cultured in regular or starvation medium for 2 hr with or without 100 nM bafilomycin A1 and analyzed by immunoblotting
using the indicated antibodies. An asterisk indicates degradation products of transfected Myc-Stx17.
(B) HeLa cells stably expressing GFP-LC3 were treated with siRNA oligonucleotides against luciferase or Stx17. Cells were cultured in regular medium and
analyzed by immunofluorescence microscopy. The ratio of the total area of GFP-LC3 dots to the total cellular area is shown as a percentage in the graph. Data
represent mean ± SEM of ten images. Scale bars, 10 mm.
(C) HeLa cells stably expressing GFP-LC3 were treated with Stx17 siRNA oligonucleotides. Cells cultured in regular growing medium were analyzed by
immunofluorescence microscopy using anti-Lamp1 (lysosome) and anti-LBPA (late endosome) antibodies. Scale bars, 1 mm.
(D) HeLa cells treated with siLuciferase or siStx17 were cultured in starvation medium for 1 hr followed by conventional electron microscopic analysis. Auto-
phagosomes are indicated by arrowheads. Scale bars, 500 nm. Quantification of the number of autophagosomes from at least 25 randomly selected areas is
shown in the graph.
See also Figure S1.cytoplasmic material without any features of degradation. This
was different from the situation in control cells in which both
autophagosomes and autolysosomes could be easily detected
even though the number of autophagic structures was smaller
(Figure 2D). From these results, we conclude that Stx17 is
required for fusion between the autophagosome and endo-
some/lysosome.
Next, we explored cofactors of Stx17 in the autophagosome-
lysosome fusion step. Because Stx17 belongs to the Qa-SNARE
family (Hong, 2005), we hypothesized that Stx17 might interact
with an R-SNARE on the membranes of endosomes and/orlysosomes. VAMP7 and VAMP8 are lysosomal R-SNAREs and
form a complex with Stx7 (Qa-SNARE), Vti1b (Qb-SNARE), and
Stx8 (Qc-SNARE) (Jahn and Scheller, 2006). Our immunopre-
cipitation analyses demonstrated that Stx17 interacts with
VAMP7, VAMP8, and Vti1b (Figure S2A). Endogenous Stx17
and VAMP8 were precipitated with FLAG-VAMP8 and FLAG-
Stx17, respectively (Figures 3A and 3B). We also detected an
endogenous interaction between Stx17 and VAMP8, which
was enhanced under starvation conditions (Figure 3C).
Knockdown of VAMP8 induced accumulation of LC3-II and
GFP-LC3 puncta, and impaired autophagic flux (Figures S2BCell 151, 1256–1269, December 7, 2012 ª2012 Elsevier Inc. 1259
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Figure 3. Stx17 Functions Together with VAMP8 and SNAP-29
(A and B) HEK293T cells were transfected with empty vector, FLAG-Stx7, FLAG-VAMP8, or FLAG-Stx17. Two days later, cells were lysed, and immunopre-
cipitated with anti-FLAG antibody.
(C) MEFs were cultured in regular or starvation medium for 2 hr, followed by immunoprecipitation using anti-FLAG and anti-Stx17 antibodies.
(D) HEK293T cells were transfected with empty vector, FLAG-SNAP-29 with or without Myc-Stx17 or Myc-Stx17DSNARE. Two days later, cells were lysed, and
immunoprecipitated with indicated antibodies.
(E) HEK293T cells were transfected with empty vector, FLAG-Stx17 with or without GFP-SNAP-29 and analyzed as in (D).
(F) MEFs were cultured in starvation medium for 2 hr, followed by immunoprecipitation using anti-FLAG and anti-SNAP-29 antibodies.
(G) HeLa cells were treated with siRNA oligonucleotides against luciferase or SNAP-29. Autophagic flux assay was performed as in Figure 2A.
(H) HeLa cells stably expressing GFP-LC3 were treated with siRNA oligonucleotides against luciferase or SNAP-29-2. Cells were cultured in regular medium and
analyzed by immunofluorescence microscopy. The ratio of the total area of GFP-LC3 dots to the total cellular area is shown as a percentage in the graph. Data
represent mean ± SEM of ten images. Scale bars, 10 mm.
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and S2C), which was consistent with previous reports (Furuta
et al., 2010). VAMP8 was mainly localized to the late endosome
and lysosome, and only partially colocalized with LC3 even
during starvation (Figure S2D). In contrast, knockdown of Vti1b
or VAMP7 showed virtually no or very weak effects on the
behavior of LC3-II (Figure S2E) and did not induce GFP-LC3
puncta accumulation (our unpublished data). If Vti1b functions
together with Stx17, Vti1b should be present on LC3-positive
autophagosomes. However, Vti1b mainly localized to late
endosomes/lysosomes, but not to autophagosomes (Fig-
ure S2D). These results suggest that autophagosomal Stx17
functions with endosomal/lysosomal VAMP8 at the fusion step.
We next tried to identify Qb and Qc SNARE proteins that
function together with Stx17 at the autophagosomal fusion
step. Interaction between Stx17 and SNAP-29 (Qbc SNARE)
was previously reported, although its precise role remains
unknown (Sato et al., 2011; Steegmaier et al., 1998). We
confirmed that SNAP-29 was immunoprecipitated with Stx17
dependently on the SNARE domain in Stx17 (Figure 3D). Of
note, overexpression of Stx17 enhanced interaction between
SNAP-29 and VAMP8 (Figure 3D, lanes 5 and 6). Overexpression
of SNAP-29 also enhanced interaction between Stx17 and
VAMP8 (Figure 3E). Furthermore, we detected endogenous
interaction between SNAP-29 and Stx17 (Figure 3F). In SNAP-
29 knockdown cells, the LC3-II form accumulated and auto-
phagic flux was inhibited (Figure 3G). GFP-LC3 puncta also
accumulated in SNAP-29 knockdown cells under growing condi-
tions (Figure 3H). Finally, GFP-SNAP-29 efficiently colocalized
with Stx17-positive LC3 structures in starved cells (Figure 3I).
This colocalization rate was much higher than that between
Stx17 and Vti1b under the same condition. These data suggest
that Stx17, SNAP-29, and VAMP8 form a SNARE complex,
which is required for the autophagosomal fusion step.
Knockdown of Stx7 also blocked autophagic flux (Figures S2E
and S2F). However, Stx7 primarily exist on lysosomes, but not
autophagosomes (Figure S2D). Thus, it is unlikely that Stx7
functions as a second autophagosomal Qa-SNARE. LC3-II
accumulation in Stx7-depleted cells might be a result of a defect
in lysosomal function.
Stx17 Is Recruited to the Completed Autophagosome
but Not to Intermediate Autophagic Structures
Because LC3 can be present on the isolation membrane
(unclosed autophagosome or autophagosome intermediates),
completed (closed) autophagosome, amphisome (the autopha-
gosome fused with the endosome), and autolysosome (the
autophagosome fused with the lysosome), we next determined
which structures Stx17 localized to. GFP-Stx17 only rarely colo-
calized with lysobisphosphatidic acid (LBPA) (Kobayashi et al.,
1998) or Lamp1, which are the markers for the late endosome
or lysosome, respectively (Figure S3). Furthermore, full-length
Stx17 and Stx17TM (Figure 1C) did not colocalize with Atg16L1,
an isolation membrane marker (Figure 4A). Approximately 20%(I) MEFs stably coexpressing GFP-SNAP-29 and Myc-Stx17 (left), or GFP-Vti1b
stained with anti-LC3 and anti-Myc antibodies and analyzed by immunofluores
indicated by arrows. Data represent mean ± SEM of ten images. Scale bars, 10
See also Figure S2.and 60% of the LC3 puncta colocalized with Atg16L1 and
Stx17, respectively, but these two populations were distinct and
there was virtually no overlapping between Stx17 and Atg16L1
(Figure 4B). We confirmed that LC3, but none of the upstream
Atg factors that are present only on the isolation membrane
(ULK1, WIPI-1, and Atg14), colocalized with Stx17TM (Figures
4C and 4D). DFCP1, which is present on the omegasome, an
ER-derived structure scaffolding autophagosome formation,
also showed no colocalization with Stx17TM (Figures 4C and
4D). Furthermore, intermediate autophagic structures (unclosed
autophagosomes) accumulated in Atg5 knockout (KO) and
Atg3 KO cells due to a defect in a late step of autophagosome
formation (Itakura and Mizushima, 2010; Sou et al., 2008), but
these structures were not colocalized with Stx17TM (Figure 4E).
We further investigated the recruitment of Stx17 to the
autophagosome by time-lapse microscopy. Although SECFP-
Stx17TM was not detected on Venus-DFCP1-positive omega-
somes, SECFP-Stx17TM puncta emerged from the same area
where Venus-DFCP1 puncta had disappeared (Figure 4F; Movie
S1). To confirm that this is indeed a continuous event, we per-
formed live imaging using SECFP-Stx17TM and Venus-LC3.
LC3 is recruited to the isolation membrane during autophago-
some formation (Mizushima et al., 2001). Several minutes after
the appearance of the LC3 signal, it reached a plateau, after
which the Stx17 signal gradually appeared on the same struc-
tures (Figure 4F; Movie S2). If Stx17 is recruited to completed
autophagosomes, Stx17 should not have access to the inner
autophagosomal membrane. Indeed, immunoelectron micros-
copy of GFP-Stx17 showed that Stx17 specifically existed on
the outer autophagosomal membrane but not on the inner
membrane (Figure 4G). These results suggest that, in contrast
to our initial expectation, Stx17 directly localizes to completed
autophagosomes, not through intermediate structures.
TMDs of Stx17 Are Sufficient for Localization
to the Autophagosome
We next questioned how Stx17 localizes to completed autopha-
gosomes. Flanking charges at the C terminus are important
for selective targeting of tail-anchored proteins to the ER and
mitochondria (Borgese et al., 2003). Indeed, there are several
charged residues in the C-terminal flanking region of Stx17 (Fig-
ure 5A). Localization to mitochondria and reticular structures
was defective in truncation mutants of the C-Terminal region
(GFP-Stx17D1 and D2) (Figure 5B). However, these mutants still
localized to autophagosomes (Figures 5C and 5D), suggesting
that the charged resides may be important for targeting to
mitochondria and the ER, but not to the autophagosome.
Stx17 is an unusual tail-anchored protein among the SNARE
proteins, because it possesses two TMDs (Steegmaier et al.,
1998). Hydrophobicity of these TMDs, especially that of TMD2,
is relatively low, indicating that one of them may not function
as a true TMD. However, deletion of either TMD suppressed
targeting to all membranes including autophagosomesand Myc-Stx17 (right) were cultured in starvation medium for 2 hr. Cells were
cence microscopy. The structures positive for SNAP29, Stx17, and LC3 are
mm (white) and 1 mm (yellow).
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Figure 4. Stx17 Is Present on the Outer Membrane of Completed Autophagosomes
(A and B) MEFs stably expressing GFP-Stx17 or GFP-Stx17TM were starved for 2 hr and analyzed by immunofluorescence microscopy using anti-LC3 and anti-
Atg16L1 antibodies. The Stx17- and LC3-positive and Atg16L1- and LC3-positive puncta are indicated by arrows and arrowheads, respectively. Stx17 or
Atg16L1 positivity (%) of the LC3 puncta under starvation conditions is shown. Data represent mean ± SEM of ten images.
(C andD)MEFs stably coexpressingGFP-Stx17TMand one of HA-LC3, HA-ULK1, HA-WIPI-1, HA-Atg14, or FLAG-DFCP1were cultured in starvationmedium for
2 hr and analyzed by immunofluorescence microscopy using anti-HA and anti-FLAG antibodies. HA-LC3, HA-ULK1, HA-WIPI-1, HA-Atg14, or FLAG-DFCP1
positivity (%) of the Stx17 puncta under starvation conditions is shown. Data represent mean ± SEM of ten images.
(E) Atg5 KO and Atg 3 KO MEFs stably expressing GFP-Stx17TM with or without FLAG-DFCP1 were cultured in starvation medium for 2 hr and analyzed by
immunofluorescence microscopy using anti-FLAG and anti-atg16L1 antibodies.
(F) Selected frames from time-lapse movies of MEFs cultured in starvation medium stably coexpressing SECFP-Stx17TM and either Venus-DFCP1 (upper panel)
or Venus-LC3 (bottom panel). The cells were imaged from around 60 min after starvation. Localization of SECFP-Stx17TM and Venus-DFCP1 or LC3 is indicated
by blue arrowheads. Another newly generated SECFP-Stx17 and Venus-LC3 structure is indicated by yellow arrowheads (bottom panel). See Movies S1 and S2
for whole images.
(G) MEFs stably expressing GFP-Stx17 were cultured in starvation medium for 2 hr and analyzed by immunoelectron microscopy using anti-GFP antibody.
(A–G) Signal color is indicated by color of typeface. Scale bars, 10 mm (white); 1 mm (yellow) (A, C, E, and F); 200 nm (black) (G).
See also Figure S3.
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Figure 5. The Two Tandem TMDs in Stx17 Are Sufficient for Autophagosomal Localization
(A) Schematic representation of Stx17 and its deletion mutants. The positively charged residues are shown in red. Their localization patterns observed in
immunofluorescence experiments (B and C) are shown.
(B–D) MEFs stably expressing GFP-Stx17TMD1, GFP-Stx17TMD2, GFP-Stx17TMD3, GFP-Stx17TMDTM2, or GFP-Stx17 TMDTM1 were cultured in regular (B)
or starvation (C) medium for 2 hr and analyzed by immunofluorescence microscopy using anti-Tom20 and anti-LC3 antibodies. Signal color is indicated by color
of typeface. Bars: 10 mm (white) and 1 mm (yellow). Quantification of the number of punctate structures positive for both Stx17 and LC3 per cell under starvation
conditions (D). Data represent mean ± SEM of ten images.
See also Table S1.
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Figure 6. TMDs of Stx17 Forms Hairpin-like
Structure
(A) Lysates from MEFs stably expressing the
opsin glycosylation site-added Myc-cytochrome
b5 (Myc-b5-Gly) or Myc-Stx17TM (Myc-Stx17TM-
Gly) were treated with or without endoglycosidase
H and analyzed by immunoblotting using anti-Myc
and anti-Lamp1 antibodies.
(B) MEFs stably expressing GFP-Stx17TM or
GFP-Stx17TM-AACS mutant cultured in regular
medium were analyzed by immunofluorescence
microscopy using anti-GM130 antibody. Signal
color is indicated by color of typeface. Scale bars,
10 mm.
(C) Model of hairpin-like TMDs of Stx17. C
terminus of Stx17 is exposed to the cytosol.(TMDTM1 and TMDTM2 in Figures 5C and 5D). These results
suggest that both TMDs are sufficient and necessary for Stx17
targeting to the autophagosome. The findings also indicate
that localization of Stx17 to the ER and mitochondria is not
necessary for its localization to the autophagosome in vivo.
The TMDs of Stx17 Form a Hairpin-like Structure
with Its C Terminus in the Cytosol
Conventional SNARE proteins contain a single TMD with their
C terminus in the luminal side. If the two TMDs in Stx17 are in-
serted into the membrane, they should form a hairpin-like struc-
ture, exposing the C terminus to the cytosol. Artificial addition of
the glycosylation site of opsin is often used to determine the
topology and ER targeting of tail-anchored proteins (Pedrazzini
et al., 2000). Indeed, addition of the glycosylation site to the
C terminus of ER cytochrome b5 caused its glycosylation as its
mobility in SDS-PAGE was increased by treatment with Endo
H, a deglycosylation enzyme (Figure 6A). However, glycosylation
was not observed in Stx17TM-Gly, which has the opsin glycosyl-
ation site at its C terminus, suggesting that the C terminus of
Stx17 is not in the lumen of the ER and both N and C termini
are cytosolic.
Stx17 has a KKXX sequence at the C terminus, which could
function as a canonical ER retrieval signal and is recognized by
the COPI complex in the cytosol (Popoff et al., 2011). We thus re-
placed the C-terminal KKCS by AACS and determined its effect
on localization of Stx17. GFP-Stx17TM localized to the ER but
not to the Golgi. By contrast, a significant amount of GFP-
Stx17TM-AACS localized to the Golgi (Figure 6B). This result
suggests that the C-terminal KKCS sequence in Stx17 is a func-
tional ER-retrieval signal facing the cytosol. Deletion mutants of
C-terminal KKCS also localized to the Golgi (Stx17TMD3 in1264 Cell 151, 1256–1269, December 7, 2012 ª2012 Elsevier Inc.Figure 5). Taken together these findings
suggest that the two TMDs of Stx17
form a hairpin-like structure (Figure 6C).
The Glycine Zipper-like Motifs in
the TMDs Are Essential for Stx17 to
Localize to the Autophagosome
As mentioned above, hydrophobicity of
the Stx17 TMDs is not as high as that ofother SNARE proteins (Figure S4). Indeed, half of the endoge-
nous Stx17 and exogenousGFP-Stx17was present in the super-
natant fraction, whereas typical membrane proteins such as cal-
nexin, mitochondrial complex III core 1 subunit, and GFP-Stx18
weremainly fractionated into the high-speed (100,0003 g) pellet
(Figure 7A). This suggests that a significant amount of Stx17
exists in the cytosol, which is unusual for a protein possessing
TMDs.
We also found that glycine residues are enriched in both TMDs
in Stx17. These domains contain repeated GXXXG motifs (Fig-
ure 7B). Indeed, it was previously suggested that TMD1 of
Stx17 contains a potential glycine zipper motif (GXXXGXXXG),
which has glycine residues spaced every four positions (Kim
et al., 2005). We found perfect glycine zipper motifs not only in
TMD1 but also in TMD2 of human Stx17 (Figure 7B). These
glycine zipper-like motifs are evolutionarily conserved in Stx17
homologs (Figure 7B), but are not found in other syntaxin family
proteins (Figure S4). Generally, the GXXXG motif or glycine
zipper motif enables close packing of transmembrane helixes
(Brosig and Langosch, 1998; Curran and Engelman, 2003; Kim
et al., 2005; Russ and Engelman, 2000). We hypothesized that
these glycine zipper-like motifs would contribute to the tight
hairpin-like structure of the Stx17 TMDs (Figure 7C). In addition,
as hydrophobic amino acids are located on the other sides of
both TMDs, interaction mediated by the glycine zipper motifs
would expose the hydrophobic faces outside.
We therefore generated two types of Stx17 mutants in which
G244andG248, orG264andG268,were substitutedwith leucine
to disrupt the glycine zipper-like packing interface (Figure 7D).
Thesemutants localized to the ER andmitochondria as efficiently
as thewild-type (WT) (Figures1Cand7E), indicating that theclose
packing structure is not required for targeting to the ER and
mitochondria. However, translocation to the autophagosome
was severely defective in these twomutants (Figure 7F). Colocal-
ization of LC3 with these mutants was significantly decreased.
These data suggest that the glycine zipper-like motifs of the
TMDs of Stx17, which would mediate the close packing interac-
tion, are required for autophagosomal localization of Stx17.
We further performed rescue experiments using HeLa cells
stably expressing GFP-Stx17 with the glycine zipper mutations.
As shown in Figure 2, expression of GFP-Stx17 WT suppressed
the LC3-II accumulation caused by knockdown of Stx17. By
contrast, expression of GFP-Stx17 G244/248L or G264/268L
did not effectively suppress the LC3-II accumulation (Figure 7G).
In addition, mutations in all four glycine residues did not restore
LC3-II accumulation. These data suggest that the glycine zipper-
like motifs in Stx17 mediate the unique architecture of its TMDs,
which is essential for targeting of Stx17 to the autophagosome.
DISCUSSION
In the present study, we identified the autophagosomal Qa-
SNARE Stx17, which is essential for fusion between the outer
autophagosomal membrane and the endosomal/lysosomal
membrane. In contrast to other SNARE proteins, Stx17 has
two tandem TMDs. We suggest that the unique hairpin-like
structure of the TMDs, which is mediated by the glycine
zipper-like motifs, is sufficient and critical for its targeting to
the outer autophagosomal membrane.We propose the following
model (Figure 7H). Early Atg proteins initiate isolation membrane
formation on or near the ER causing elongation of the membrane
on the omegasome. Immediately after or before closure, Atg
proteins (except LC3) dissociate from the autophagosomal
membrane. Then, Stx17 translocates to the outer membrane of
the completed autophagosome. Although the degree of hydro-
phobicity of the Stx17 TMDs is not high, the packed hairpin-
like structure causes exposure of the hydrophobic residues.
This unique structure is important for localization of Stx17 to
the autophagosome. Finally, Stx17, SNAP-29, and endosomal/
lysosomal membrane VAMP8 mediate fusion between these
structures, leading to degradation of the enclosed materials.
A striking observation is that the isolation membranes do not
contain Stx17, which is important for achieving autophagic
degradation of the cytoplasm. If the isolation membranes
possess the fusion machinery, the lysosome would easily fuse
with them even prior to completion of autophagosome closure.
Thus, the late recruitment of Stx17 to the autophagosome can
prevent premature fusion with the lysosome.
Our finding that Stx17 is available to the autophagosome not
through the isolation membrane raises the question where
Stx17 does come from. One possibility is that autophagosomes
acquire Stx17 directly from the cytosol. Indeed, approximately
half of the available Stx17 is present in the cytosolic pool, which
can be used immediately upon induction of autophagy (Fig-
ure 7A). Another, but less likely, possibility is that Stx17 in the
ER or mitochondria translocates to the autophagosome. In this
case, completed autophagosomes should still have direct
connections with the ER/mitochondria (although it is generally
believed that they are detached from the ER), or an unknown
source of vesicles containing Stx17 that bud off from the ER/mitochondria and fuse with the completed autophagosomes.
Further experiments will be needed to clarify this issue.
How Stx17 can localize to completed autophagosomes but
not to the isolationmembrane is alsounknown.Among theknown
Atg proteins, only LC3 and its related proteins are present on
the completed autophagosome. However, we could not detect
an interaction between LC3 family proteins and Stx17 (our
unpublished data). Furthermore, recruitment of LC3 to the auto-
phagosome occurs much earlier than that of Stx17 (Figure 4).
Thus, it is unlikely that theLC3 family is a receptor forStx17. There
may be unidentified protein(s) that serve as a receptor for Stx17.
Another possibility is that the presence of upstream Atg proteins
or phosphatidylinositol 3-phosphate may inhibit Stx17 recruit-
ment. More details of the autophagosomal contents will be
required to understand the specific recruitment of Stx17.
Because Stx17 efficiently binds the R-SNARE VAMP8 (Fig-
ure 2) and VAMP8 is required for autophagosome-lysosome
fusion (Figure S2) (Furuta et al., 2010), it is likely that VAMP8 is
a partner SNARE on the lysosomal membrane. Although knock-
down of VAMP7 did not cause accumulation of LC3-II (Fig-
ure S2E), we do not completely rule out the possible involvement
of VAMP7 as an alternative R-SNARE for the autophagosome-
lysosome fusion. Since it was suggested that VAMP7 functions
during autophagosome formation (Moreau et al., 2011), knock-
down of VAMP7 may inhibit both synthesis and consumption
of LC3-II. It was also reported that Vti1b plays a role in the auto-
phagosome-lysosome fusion step (Atlashkin et al., 2003; Furuta
et al., 2010). However, we observed that Vti1b mainly localized
to the endosome but not the autophagosome (Figure S2D). As
Vti1b KO mice showed accumulation of both intact (AVi) and
degrading (AVd) autophagic vacuoles (Atlashkin et al., 2003),
Vti1b likely functions at a later step than Stx17.
Regarding Qb- and Qc-SNAREs, Stx17 and VAMP8 were
shown to bind with SNAP-29, which has both Qb- and Qc-
SNAREmotifs (Steegmaier et al., 1998; Weng et al., 2007), which
we confirmed in this study. Indeed, SNAP-29 is recruited to the
Stx17-positive LC3 structures (Figure 3I) and knockdown of
SNAP-29 causes autophagosome accumulation (Figure 3G).
This is consistent with the fact that silencing of SNAP-29 in
Caenorhabditis elegans also increases the number of autopha-
gosome-like structures in the intestine (Sato et al., 2011). As
SNAP-29 possesses neither a TMD nor a palmitoylation site
(Steegmaier et al., 1998), recruitment of Stx17 to autophago-
somes may be sufficient for recruitment of cytosolic SNAP-29
to form a Qabc-SNARE complex.
It should be noted that Stx17 is not conserved in yeast. It has
been suggested that autophagosome-vacuole fusion in yeast
requires the SNAREs Vam3 (Qa) (Darsow et al., 1997), Vti1 (Qb)
(Fischer von Mollard and Stevens, 1999; Ishihara et al., 2001),
Vam7 (Qc) (Ohashi and Munro, 2010; Sato et al., 1998), and
Ykt6 (R) (Dilcher et al., 2001; Klionsky, 2005). None of these
SNAREs has a glycine zipper motif or hairpin-like structure.
On the contrary, Vam3 is not conserved in mammals. Thus,
yeast seems to have a different set of SNARE proteins for auto-
phagosome-vacuole fusion. Although the mechanism by which
SNAREs are provided to yeast autophagosomes remains
unknown, a different mechanism may prevent premature fusion
of autophagosome intermediates.Cell 151, 1256–1269, December 7, 2012 ª2012 Elsevier Inc. 1265
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Localization of GFP-Stx17 to mitochondria is somewhat unex-
pected. It was reported that another mitochondrial tail-anchored
protein (mitochondrial membrane cytochrome b5; Mitocb5TM)
translocates from mitochondria to the autophagosome (Hailey
et al., 2010), raising the possibility that autophagosomal Stx17
also translocates from mitochondria. However, the case of
Stx17 is completely different; whereas Mitocb5TM seems to
translocate to the autophagosome through the isolation
membrane, Stx17 is not present on the isolation membrane (Fig-
ure 4). Stx17 mutants lacking the C-terminal positive-charged
residues can localize to autophagosomes but not to mitochon-
dria (Figure 5). Thus, mitochondrial localization is not essential
for autophagosomal targeting of Stx17.
EXPERIMENTAL PROCEDURES
Cell Culture
HeLa cells, human embryonic kidney (HEK) 293T cells, and mouse embryonic
fibroblasts (MEFs) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 50 mg/ml penicillin, and
streptomycin (regular medium) in a 5% CO2 incubator. Atg3 KO (Sou et al.,
2008) and Atg5 KO MEFs (Kuma et al., 2004) were generated previously. For
starvation treatment, cells were washed with PBS and incubated in amino
acid-free DMEM without serum (starvation medium). The oligonucleotide
sequences for siRNA experiments are described in Extended Experimental
Procedures.
Retroviral Infections and Generation of Stable Cell Lines
Plasmids used in this study are described in Extended Experimental Proce-
dures. Stable cell lines were generated using a retroviral expression system
as previously described (Hara et al., 2008; Kitamura et al., 2003). Briefly, Plat
E cells (kindly provided by T. Kitamura, The University of Tokyo) were
transiently transfected with retroviral vectors using FuGENE HD reagent
(Roche Applied Science). After culture for 72 hr, the growthmedium containing
retrovirus was collected. MEFs were incubated with the collected virus-
containing medium with 8 mg/ml polybrene for 24 hr. Uninfected cells were
removed by puromycin (Sigma) selection.
Immunocytochemistry
Cells grown on coverslips were washed with PBS and fixed in 4% paraformal-
dehyde in PBS for 10 min at 4C. Fixed cells were permeabilized with 50 mg/mlFigure 7. Glycine Zipper-like Motif Is Essential for Stx17 Localization t
(A) MEF homogenates were centrifuged at 1,0003 g to generate a postnuclear su
speed supernatant (HSS) and high-speed pellet (HSP), and analyzed by immunob
III (CIIIC1), GFP, and Stx17.
(B) Amino acid alignment of TMDs of Homo sapiens Stx17 (accession numbe
melanogaster Stx17 (accession number Q9VZC9). Identical residues are indicate
(C) Helical wheel plots of Stx17 TMD1 and TMD2 generated using HeliQuest (htt
resides in green, and others in white.
(D) Schematic representation of Stx17 TMD mutants. Glycine 244 and 248, or 26
(E) MEFs stably expressing GFP-Stx17 G244/248L or G264/268L were analyzed
(F) MEFs stably expressing GFP-Stx17 WT, GFP-Stx17 G244/248L, or G264/26
rescence microscopy using anti-LC3 antibodies. Stx17 positivity (%) of the LC3
indicated by color of typeface. Bars: 10 mm (white) and 1 mm (yellow).
(G) HeLa cells stably expressing GFP, siRNA-resistant GFP-Stx17, GFP-Stx17
treated with siRNA oligonucleotides against luciferase or Stx17. Cells were culture
and analyzed by immunoblotting using the indicated antibodies. An asterisk indi
(H) Model of Stx17 translocation to completed autophagosome. Early Atg prote
diately after or before completion, almost all Atg proteins dissociate from the mem
which likely has closely packed TMDs through the glycine zipper-like motifs, tran
membrane fuses with the late endosomal/lysosomal membrane; this process is
See also Figure S4.digitonin in PBS for 5 min, blocked with 3% bovine serum albumin in PBS for
30 min, and incubated with primary antibodies for 1 hr. Antibodies used in this
study are described in Extended Experimental Procedures. After washing,
cells were incubatedwith Alexa Fluor 488-conjugated goat anti-rat, anti-rabbit,
or anti-mouse IgG, Alexa Fluor 564-conjugated goat anti-rabbit or anti-mouse
IgG, or Alexa Fluor 660-conjugated goat anti-rabbit IgG secondary antibodies
(Invitrogen) for 30 min. Images were acquired on a confocal laser microscope
(FV1000D IX81, Olympus) using a 60 3 oil-immersion objective lens with
a numerical aperture (NA) of 1.42 and a 1.5 3 zoom, and captured with Fluo-
view software (Olympus). The image size was set at 1,024 3 1,024 pixels.
Live-Cell Imaging
Live-cell fluorescence imaging was performed with a microscope (Olympus,
IX81) with a 60 3 PlanAPO oil-immersion lens (NA 1.42) and a CCD camera
(CoolSNAP HQ2, Photometrics). Cells were placed on a glass bottom dish
1 day before observation. During live imaging, the culture dish was mounted
in a chamber (TOKAI HIT) to maintain incubation conditions at 37C and 5%
CO2. Two-color time-lapse images were acquired at 10 s intervals. The
external devices (shutters, filter wheels, stage, and camera) were controlled
and image data were processed byMetaMorph version 7.0 (Molecular Devices
Japan).
Immunoprecipitation and Immunoblotting
Cell lysates were prepared in a lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethanesulfonyl fluoride
[PMSF], 1 mM Na3VO4, and protease inhibitor cocktail [complete EDTA-free
protease inhibitor, Roche]). The lysates were clarified by centrifugation at
15,000 rpm and were subjected to immunoprecipitation using specific anti-
bodies in combination with protein G-Sepharose (Amersham Biosciences).
Precipitated immunocomplexes were washed five times in a washing buffer
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100)
and boiled in sample buffer. Samples were subsequently separated by
SDS-PAGE and transferred to Immobilon-P polyvinylidene diflouride
membranes (Millipore). Immunoblot analysis was performedwith the indicated
antibodies and visualized with Super Signal West Pico Chemiluminescent
substrate (Pierce).
Electron Microscopy
MEFs were cultured on collagen-coated plastic coverslips. They were fixed
in 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 2 hr.
The cells were washed in the same buffer three times, postfixed in 1% osmium
tetroxide in 0.1 M phosphate buffer for 1 hr, dehydrated, and embedded in
Epon 812 (Hara et al., 2008). Ultrathin sections were stained with uranylo the Autophagosome
pernatant (PNS). The PNS was then centrifuged at 100,0003 g to obtain high-
lotting using antibodies against HSP90, calnexin, the core 1 subunit of complex
r P56962), Danio rerio Stx17 (accession number Q5U3U5), and Drosophila
d with filled boxes. Glycine zipper-like motifs are shown above.
p://heliquest.ipmc.cnrs.fr). Glycine residues are shown in yellow, hydrophobic
4 and 268 are replaced by leucine as shown in red.
by immunofluorescence microscopy using anti-Tom20 antibody.
8L were cultured in starvation medium for 2 hr and analyzed by immunofluo-
puncta is shown. Data represent mean ± SEM of ten images. Signal color is
G244/248L, GFP-Stx17 G264/268L, or GFP-Stx17 G244/248/264/268L were
d in regular or starvation medium for 2 hr with or without 100 nM bafilomycin A1
cates degradation products of transfected GFP-Stx17.
ins generate the isolation membrane on or close to the ER membrane. Imme-
brane and only LC3 remains on the autophagosomal membrane. Then, Stx17,
slocates to the outer autophagosomal membrane. The outer autophagosomal
mediated by interaction between Stx17, SNAP-29, and VAMP8.
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acetate and lead citrate and observed using a Hitach H-7100 electron
microscope.
For immunoelectron microscopy analysis, cells were fixed with 4% parafor-
maldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 2 hr at room temper-
ature. The pre-embedding silver enhancement immunogold method was
used as previously described (Yoshimori et al., 2000).SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, four
figures, one table, and two movies and can be found with this article online
at http://dx.doi.org/10.1016/j.cell.2012.11.001.
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